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► I ABSTRACL 



Exogenously added polyphenoloxidase (EC 1.14.18.1), an enzyme which oxidizes tyrosine 
residues and is commonly found in many dietary components, abolished the aggregation of 
Streptococcus sobrinus 6715 by high-molecular-weight dextran. The enzyme decreased 
glucan-binding lectin and/or glucosyltransferase I activities. 
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In the past three decades, rapid progress has been made in the understanding of microbial 
adhesion (8). A wealth of research has established that Streptococcus sobrinus must attach 
to glucans deposited on the tooth surface for successful colonization of the oral cavity (4, 6 
17). For this purpose it uses a glucan-binding lectin (GBL) and a family of glucosyltransferases (GIFs). 
GIFs are composed of a C-terminal glucan-binding domain supplemented by an N-terminal catalytic 
peptide G). Both GBL and GTFs have been shown to possess critical tyrosines in their glucan-binding sites 
(15), In this study we investigated the effect on adhesion of bacterial pretreatment with polyphenoloxidase 
(PPO) (EC 1.14.18.1). PPO is an enzyme found in many plant species, including most noncitrus European 
fruits and many vegetables (18). It possesses two activities, oxidizing a variety of phenolic substrates, 
including tyrosine, to L-dihydroxyphenylalanine and then to quinones. This action results in browning 
when it occurs in fhiits, such as apples and bananas. Plants and invertebrates may use the PPO system, with 
its resultant tannin production, as a defense against invasion by predators, such as fungi and insects (U, 
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S. sobrinus 6715 was maintained and grown either on tryptic soy agar or in the defined medium of 
Terleckyj et al (16). The standard rate assay of Drake et al. Q) was used to study the mteraction of 
S. sobrinus 6715 GBL with high-molecular-weight dextran. Briefly, bacterial suspensions were mixed with 
dextran T-2000 (10 ng/ml), and the decrease in optical density was continuously monitored 
spectrophotometrically for 5 min. Absorption at 540 nm was used to calculate KA/Aq) (A, observed 
optical density; A,,, optical density at time zero), which was plotted versus time in minutes. Each sample 
was assayed in triplicate. For enzyme treatments, cells were incubated with PPO (from mushrooms; 
Worthington Biochemical Corporation, Freehold, N.J.) (180 to 1,260 U/ml) for 1 h at 37°C. 

Figure 1 depicts the decrease in absorption for control and PPO-treated (464 U/ml) S. sobrinus 6715 after 
mixing with glucan (T-2000). Bacteria in this experiment were grown in complex medium. Cells grown m 
defined medium required sevenfold-lower concentrations of PPO for inhibition (data not shown). PPO 
pretreatment reduced aggregate formation to approximately the level seen when a competitive binding 
inhibitor low-molecular-weight glucan (dextran T-10), was included in the reaction (Fig. i). When dextran 
T-10 was added to cells before enzyme treatment, the action of PPO was blocked. Addition of glycogen 
prior to PPO treatment had no effect on PPO's activity. 




View larger version (14K); 
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FIG. 1. Inhibition of aggregation of 5. 5oMn«s by 
high-molecular-weight dextran after treatment with PPO. 
I High-molecular-weight dextran (dextran T-2000) was added as a last 
' step in all tubes. .♦, control (S. sobrinus); x, low-molecular-weight 
i dextran (T-10) plus S. sobrinus; », S. sobrinus pretreated with PPO; *, 
dextran T-10 added to S. sobrinus before PPO treatment; ■, glycogen 
; added to S. sobrinus before PPO treatment. Experiments were 
j performed in triplicate. 



The following known PPO inhibitors prevented the enzyme from abolishing aggregation of S. sobnnus by 
glucan- EDTA (5 mM), 1 00% decrease in PPO activity; potassium chloride (200 mM), 100% decrease; 
polyvinylpyrroUdone (500 ng/ml), 100% decrease; ascorbic acid (3 mM), 100% decrease; and lactic acid 
(10% [wt/vol]), 91% decrease. Protease inhibitors, phenylmethylsulfonyl fluoride (500 jiM) and leupeptin 
(500 jig/ml) were also tested to ensure that the activity was not due to possible contaminating proteases in 
the enzyme batches. Neither decreased the action of PPO. Incubation of inhibitors with S. sobrinus had no 
effect on control glucan-dependent aggregation. All inhibitors were from Sigma. 

PPO was mixed (by gentle vortexing) with S. sobrinus-g\ucm complexes after 30 min of control 
aggregation (Fig. 2). Reformation of aggregates was significantly retarded with respect to the control 
bacteria. After another 30 min the complexes were vortexed again (to disrupt aggregates) with no fiirther 
addition of PPO. PPO-containing tubes continued to show slower and less complete aggregation, 
suggesting either that PPO enzymatically altered the binding site or that it bound with a higher affinity than 
dextran. 
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FIG 2. Prevention of reaggregation of S. sohrinus by addition of 
PPO. control, S. sobrinus plus glucan T-2000; -S. sobrinus plus 
glucan T-2000 plus PPO. Arrow 1 shows when PPO was added with 
vortexing, and arrow 2 shows when the complexes were vortexed 
1 with no further addition of PPO. Experiments were performed m 
triphcate. 
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Growth vessel pellicle formation, mediated by the combined activity of GTFs and GBL (17), was 
investigated Bacteria were inoculated into 5-ml tubes of tryptic soy broth with and without sucrose 
(200 mM) and/or PPO (1 .0 mg/ml). After 18 h of growth, tubes were emptied, stained with crystal violet, 
and visually examined. Only PPO-containing cultures produced no peUicles in the presence of sucrose (data 
not shown). 

The abiUty of PPO to reduce the activity of partially purified GTFs was assayed as follows. PPO-treated 
(50 U/ml) and untreated crude GTFs obtained through ammonium sulfate precipitation of 5. sobrinus 
culture supernatant were subjected to nondenaturing electrophoresis in polyacrylamide. The presence of 
glucan-binding bands was demonstrated by incubating duplicate gels in fluorescem 
isothiocyanate-conjugated glucan T-10 (2 mg/ml). GTF activity was assayed by incubatmg gels in sucrose 
followed by development with Schiff s reagent. Of four discrete bands which bound glucan, two (molecular 
weight 145 000 and 135,000) demonstrated GTF activity. The higher-molecular-weight band, 
corresponding to the reported size (15) of GTF-I (an isoenzyme producing insoluble glucan), lost activity 
after incubation with PPO. Glucan-binding activity has been shown to reside both on glucan-bindmg 
proteins (with no catalytic activity) and on the C-terminal end of GTFs (5, 7, 15). Further study needed to 
determine which of the family of glucan-binding proteins is affected by PPO. A combination of GBL and 
GTF-I inhibition could have a potentially powerful effect on oral ecology. 

Disk diffusion (100 U of PPO) and broth dilution assays (in tryptic soy broth) of PPO (highest PPO 
concentration = 464 U/ml) showed that PPO did not prevent growth of X sobrinus (data not shown). 

PPO is a copper-requiring metalloenzyme. Therefore, metal-chelating agents have been found to be 
inhibitory to its activity (19). The PPO inhibition by EDTA, ascorbic acid, and lactic acid seen in this study 
supports this finding and suggests that naturally occurring chelators, such as lactic acid manufactured by 
oral streptococci, could have similar effects in vivo and could conceivably be an adaptive response by the 
bacteria to the constant presence of dietary PPO originating in fruits and vegetables. Various studies report 
that persons consuming large quantities of fruits and vegetables do indeed have lower canes rates (10). It is 
plausible, based on the present results, that PPO may play some role as an anticanes agent. 

There are many examples of the importance of tyrosine in carbohydrate-binding sites of microbial proteins 
(1 2 9 13 14, 20, 2D. If tyrosine is indeed a "consensus" residue necessary for the specific binding of 
muhiple microbial pathogens to host tissues, alteration of tyrosine could represent a broad-spectrum 
approach to the prevention and interruption of microbial attachment and biofilm formation. 
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X-ray Structure of the FimC-FimH 
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Uropathogenic Escherichia coli 
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Solomon Langermann, ^ Jerome Pinkner, ^ Scott J. Hultgren, ^* 
Stefan D. Knight^* 

Type 1 pili--adhesive fibers expressed in most members of the 
Enterobacteriaceae family-mediate binding to mannose receptors on host 
cells through the FimH adhesin. Pilus biogenesis proceeds by way of the 
chaperone/usher pathway. The x-ray structure of the FimC-FimH 
chaperone-adhesin complex from uropathogenic Escherichia coli at 
2.5 angstrom resolution reveals the basis for carbohydrate recognition and 
for pilus assembly. The carboxyl-terminal pilin domain of FimH has an 
immunoglobulin-like fold, except that the seventh strand is missing, leaving 
part of the hydrophobic core exposed. A donor strand complementation 
mechanism in which the chaperone donates a strand to complete the pilin 
domain explains the basis for both chaperone function and pilus biogenesis. 
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Type 1 pili are adhesive fibers expressed in E. coli as well as in most members of the Enterobacteriaceae 
family (1). They are composite structures in which a short-tip fibrillar structure containing FimG and the 
FimH adhesin (and possibly the minor component FimF as well) are joined to a rod composed predominantly 
of FimA subunits (1). The FimH adhesin mediates binding to mannose oligosaccharides (2, 3). In 
uropathogenic £. coli, this binding event has been shown to play a critical role in bladder colonization and 
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disease (4) Type 1 pilus biogenesis proceeds by way of a highly conserved chaperone/usher pathway that is 
involved in the assembly of over 25 adhesive organelles in Gram-negative bacteria (5). The usher forms an 
oligomeric channel in the outer membrane with a pore size of -2.5 nm (6) and mediates subunit translocation 
across the outer membrane. Periplasmic chaperones consist of two immunoglobuhn-like domains with a deep 
cleft between the two domains (M). Chaperones stabilize pilus subunits and prevent them from participatmg 
in premature interactions in the periplasm by forming chaperone-subunit complexes (S). Here, the x-ray 
crystal structure of the FimC-FimH chaperone-adhesin complex from uropathogenic E. coli is descnbed. The 
structure reveals a donor strand complementation mechanism that explains the basis of both chaperone 
function and pilus biogenesis. 

The structure of the FimC-FimH complex was solved by means of multiwavelength anomalous dispersion 
(MAD) data to 2.7 A collected from selenomethionyl FimC-FimH crystals, and subsequently refined to 
2 5 A ( Table 1) . Eight copies of the FimC-FimH heterodimer in the C2 asymmetric unit were arranged as two 
sets of four molecules related by approximate 4; screw axes. Electron density was excellent for one set of 
molecules (Fig. lA). allowing us to trace the entire complex. For the second set of molecules, electron density 
was poorer but allowed for unambiguous placement of a copy of the initially traced complex. 



Table 1 Summary of data collection and MAD sfructure determination. Two seleno-methionated FimC- 
FimH crystals (space group a, « = 139.1 A, = 139.1 A, c = 214.5 A, P = 90.0 A) exhibiting strong 
pseudo /4i2,2 symmetry were used to collect MAD (22) data on BM14 of the European Synchrotron 
Radiation Facility. Data were recorded at each of three wavelengths corresponding to the peak of the Se 
white line the point of inflexion of the K absorption edge, and a remote wavelength by using a MAR 
charge-coupled device detector. Data were reduced with the program HKL2000 (23), with further 
processing and scaling using the CCP4 processing package (23). An initial solution to the Patterson 
fiinction was produced in the tetragonal pseudo space group both automatical y with *e pro^am SOLVE 
(23) and manually with the program RSPS (23), and initial phases were calculated with SHARP (23). 
Density modification including fourfold noncrystallographic (NCS) averaging was done with the program 
DM (23) A model corresponding to the two copies of the complex in the pseudo asymmetric unit was built 
with the program 0 (23). Bulk solvent correction, positional, simulated annealing, and isotropic 
temperatSJe fector refiiiement was carried out with X-PLOR (23) and REFMAC (23) with tight NCS 
restraints against a 2.5 A native data set collected at Max II/BL7 1 1 in Lund. The current R factor and R^^^ 
(on 5% of the data) are 24.0 and 26.8%, respectively. The root mean square deviations from ideal bond 
lengths and angles are 0.016 and 3.3 A, respectively. No residues are in disallowed regions of the 
Ramachandran plot. 



Data collection statistics 



Crystal d^i^) ^uni.ue ^J^^f Mult^ 7/^(7)* ^sym^W "'-^ 



SeMet Crystal 1 2.8 
Remote 

Point of inflection 
Peak 

SeMet Crystal 2 2.7 



82.8 

93,019 2.5 
75,467 2.1 
82,754 2.7 
98.7 



13.1(3.7) 4.0(17.3) 3.5(16.8) 
11.6(6.9) 3.5(24.4) 4.3(21.4) 
11.3(1.9) 4.1(24.7) 4.2(18.8) 
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Remote 

Point of inflection 
Peak 
Native 



110,928 3.8 
110,415 4.0 
110,418 3.9 
2.5 139,645 98.0 4.1 
Phasing statistics from SHARP 



8.9(2.0) 5.1 (28.3) 4.2(20.9) 

10.6(2.7) 4,2(21.8) 3.8(17.4) 

14.4(2.8) 4.2(20.8) 4.2(17.5) 

5.3(1.6) 7.6(25.3) 



NA 



Point of inflexion 
A = 0.9793 A 



Peak A = 0.9792 A Remote A = 0.885 A 



Centric Acentric Centric Acentric Centric Acentric 



Phasing power^ 


2,0/- 


2.1/1.2 


2.0/- 


2,0/1.6 




-/0.81 






^cuUis 


0.49/- 


0.56/0.52 


0.53/- 


0.54/0.57 




-/0.69 






Resolution (A) 


7.59 


5.50 


4.52 


3.93 


3.53 


3.23 


2.99 


2.80 


FOM~ 


0.623 


0.508 


0.379 


0.227 


0.172 


0,140 


0.105 


0.125 



* Completeness. 
^ Multiplicity. 

* Overall value and values in parentheses are for the highest resolution shell. 

§ = Ej^E-|/.(h) - (/(h))l/Ej^E. /.(h), where /-(h) and (/(h)) are the intensities of the individual and mean 
structure factors, respectively. The high-resolution shell is in parentheses. 

" R = " (^(h))|/^5:./i(h); Ifii) and (/(h)> are as defined above, and the summation is over 

anomalous pairs. The high-resolution shell is in parentheses. 

^ Fj^(calc)/^, where E is the estimated lack-of-closure error (isomorphous/anomalous). 

^ ^cuUis = ^II^PH " ^pl - ^H(^alc)|/E|Fpjj - Fpl, ]where Fp and F^^ are protein and heavy-atom structure 

factors' respectively, and F^(ca\c) is the calculated heavy-atom structure factor (isomorphous/anomalous). 

** Figure of merit for SHARP phases. ^^^=^==== 




Fig. 1. (A) A typical sample of the solvent- flattened experimental electron 
density map (contoured at l.Ocr) with the refined model superimposed. 
Arg^^ and Lys^^^^ anchor the COOH-terminus of FimH (Gln^^^^) in the 
subunit binding cleft of the chaperone through hydrogen bonds to the 
terminal carboxylate. (B) MOLSCRIPT (24) ribbon diagram of the FimC- 
^— FimH complex. FimH is colored yellow, except for the A" (green) and F 
(orange) strands of the pilin domain. FimC is colored blue, except for the Gl strand, which is cyan. The FimH 
pilin domain and the NH2-terminal domain of FimC form a closed superbarrel with a contmuous core made 
from conserved residues in both proteins. A ball-and-stick representation of the C-HEGA molecule bound to 
the lectin domain of FimH indicates the position of the carbohydrate-binding site at the tip of the domam. 
[View Larger Version of this Image r65K GIF file)] 

FimH is folded into two domains of the all-beta class connected by a short extended linker (EigU.B). The 
http://www.sciencemag.org/cgi/content/full/285/5430/1061 11/14/02 
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NH,-tenninal mannose-binding lectin domain comprises residues IH to 156H. and the COOH-terminal pilin 
domain which is used to anchor the adhesinto the pilus, comprises residues 160H to 279H (EgJA). The 
overall structure of the FimC chaperone in the complex is essentially the same as that of the free chaperone 
(8, 9). The pilin domain of FimH binds in the cleft of the chaperone (Eig^B), although there is only limited 
contact between FimH and the COOH-terminal domain ofFimC. 



Lliii!iiiillili'!i$H!<"KH=i'' 
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Fie 2 (A) Aligmnent of type 1 pilin sequences to the pilin domain of FimH. The end of the lectin domam 
2d the slart Kpilin doJiain in FimH are indicated by black arrowheads above the ^equences. Clustal W 
S was uTed t^align the sequences, which were manually adjusted to minimize gaps (indicated by dots) m 
£Ld^ stmctS^^^ Residue 1 of FimH is residue 22 in the precursor protein (26). Residues ^e 
foded a^foZvs: identical (red); conserved character (blue); pilin NH^-termmal residues proposed to take 
part in donor strand complementation in the pilus (yellow); involved in chaperone bindmg (22) (open circle 
Kve lie residue); carbohydrate binding pocket (boxed). The NH^-terminal extensions of the pihn subunits 
are in one laree box Limits and nomenclature for secondary structure elements are shown below the 
Sience B^et topology diagrams of the lectin Oeft)-d pilin (right) domamsoM 
foHhe am no acid residues are as follows: A, Ala; C, Cys; D, Asp; E Glu; F Phe, G, Gly, H, His, I, He, K, 
Lys; L, Leu; M. Met; N, Asn; P, Pro; Q, Ghi; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
[View Larger Versions of these Images (^4 + 1 8K GIF file)] ^ 

The lectin domain of FimH is an 1 1-stranded elongated P barrel with a jelly roll-like topology (Eife^B). 
Searches of the structural database (10, U) did not reveal any significant structural homologs of this domam. 
The fold starts with a short P hairpin that is not part of the jelly roll. The final (1 1th) strand of the domain is 
inserted between the 3rd and 10th strands and thus breaks the jelly-roll topology. A pocket capable of 
accommodating a mono-mamiose unit is located at the tip of the domain, distal from the ~tio"^^^^ 
pilin domain (FigMB). A molecule of cyclohexylbutanoyl-^V-hydroxyethyl-D-glucamide (C-HEGA) (12) is 
bound in this pocket (Fig. 3A). The glucamide moiety of C-HEGA is blocked at CI and camiot form a 
pyranose, but is bent to approach the pyranose conformation. The C2, C3, C4, and C6 hydroxyl groups of C- 
HEGA are enclosed within the pocket, whereas the C5 hydroxyl and cycl Jexylb|J^oyl-A^^^^^^^^ 
groups point out from the pocket and are solvent exposed. Residues Asp^^"^ oin'^^H, ^,nsn Asp'^O" d 
the NH^-terminal amino group of FimH (Fig^A) are hydrogen bonded to the glucamide moiety of C-HEGA. 
FimH from a urinary tract E. coli isolate that has a lysine instead of asparagine at position 1 35H produces 
type 1 pili but is unable to mediate mamiose-sensitive hemagglutination of guinea pig erythrocytes (13). Also, 

a mutation at residue 136H has b een reported to completely block mannose binding (14). 

Fig. 3. (A) Stereo view of the carbohydrate binding pocket in FimH with a 
molecule of C-HEGA bound. Residues Phe'», lle'^", Asn''^". Asp-*™, 

i'*-iTT iioTj 140H 




Tyr48H,Ile52H, Asp 



^54H, Gln^^^H^ A3„135H^ ^^niK ^^^nSH ^gp 



Phe^"^^^ line the surface of the pocket at the tip of the lectin domain. 
Residues that take part in hydrogen bonding to the glucamide moiety of C- 
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HEGA are labeled. (B) (Left) Surface (28) of the FimH pilin domain showing the exposed hydrophobic core. 
Hydrophobic residues that are buried in the complex but solvent exposed upon removal of the chaperone are 
S Hghted in yellow. (Right) Same as left but with FimC (blue ribbon) completmg *e — ogb^^^^^^^ 
fold of the pilin domain. (C) Close-up of donor strand complementation mteractionsjhe G strand of FimC 
(blue) donates hydrophobic residues to the core of the FimH pilin domam (yellow). The total solvent- 
accessible surface area that is buried between the pilin domain and the chaperone is roughly 1700 A (on each 
domain). Donor strand complementation accounts for -60% of this area. 

[View Larger Version of this Imag e (50K GIF^le)] 

The pilin domain of FimH has the same immunoglobuUn-like topology as the NHj-terminal domain of 
periplasmic chaperones, except that the seventh strand of the fold is missing (Fig^B). Two antiparallel 
P sheets (strands A'BED' and D"CF) pack against each other to form a ^ barrel that is similar to, but distinct 
from, immunoglobulin barrels. As in the chaperones, strand switching occurs at the edges of the sheets. In the 
chaperones, the Al strand of the NHj-terminal domain switches between the two sheets of the barrel (15). 
The first strand of the pilin domain exhibits a similar switch, but owing to the lack of a seventh strand, the 
second half of the A strand is not involved in main-chain hydrogen bonding within the domain. The D strand 
of the chaperones as well as of the FimH pilin domain also switches, but in the pilin domain the switch is an 
eight-residue loop instead of the cis-proline bulge found in the chaperones. The C-D loop and the D'-D" 
connection pack against each other and close the top of the barrel. The other side of the barrel, defined by the 
A and F edge strands, is open. Owing to the absence of a seventh strand, a deep scar is created on the surface 
of the domain. Residues that would be part of the hydrophobic core of an intact, seven-stranded fold mstead 
line a deep hydrophobic crevice on the surface of the pilin domain (Fig^B). 

In the complex, the seventh (Gl) strand from the NHj-terminal domain of the chaperone is used to 
complement the pilin domain by being inserted between the second half of the A strand and the F strand of 
the domain ( Fig. 3 C). The final strand (F) of FimH forms a parallel ^^-strand interaction with the Gl strand of 
FimC and has its COOH-terminal carboxylate anchored at the bottom of the chaperone cleft through 
hydrogen bonding with the conserved residues Arg^^ and Lys' '^C in FimC (Bg^A). This interaction is 
critical for chaperone function (16, 12). 

The Gl strand of periplasmic chaperones contains a conserved motif of solvent-exposed hydrophobic 
residues at positions 103, 105, and 107 in FimC (15). In the complex, these residues are used to complete the 
unfinished hydrophobic core of FimH (Eig^C). The two residues Leul^^^ and Leu '"^^ are deeply buned in 
the crevice created in the FimH piHn domain owing to the missing seventh sttand. He _^^js somewhat closer 
to the domain surface but makes van der Waals contacts with residues Val and Phe Leu 
contacts residues Ile'^lH, v,\223n Leu225H^ u.'12H ^^^mc ^jth Ile'«'", Leu'^BH, 
Ley252H_ Ile2''2H^ and val^^''". We denote this mode of binding "donor strand complementation" to 
emphasize the fact that the pilin domain is incomplete and that the chaperone donates its Gl strand to 
complete the fold. Donor strand complementation has also been observed in the recent crystal structure of the 
PapD-PapK complex (18). 

Genetic, biochemical, and electron microscopic studies have demonstrated that residues in two conserved 
motifs (the COOH-terminal F strand and an NH2-terminal motif) participate in subunit-subunit interactions 
necessary for pilus assembly (12). An alignment of the pilin sequences, based on the FimC-FimH crystal 
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structure, revealed that the NH^-terminal motif was part of a 10- to 20-residue NH^-terminal extension that 
was missing in the FimH pilin domain (Fig^A) and disordered in the PapD-PapK complex (18). This region 
contains apattem of alternating hydrophobic residues similar to the Gl donor strand of the chaperone^ On the 
basis of molecular modeUng, the NH^-terminal extension of a subunit is predicted to be able to take the place 
of the Gl strand of the chaperone, and fit into the pilin groove. Thus, during pilus assembly, alternating 
hydrophobic side chains in the NH^-terminal extension could replace the hydrophobic side chams donated to 
the pilin core by the Gl strand of the chaperone, through a donor strand exchange mechanism. Thus, every 
subunit would complete the immunoglobulin-like fold of its neighboring subunit. 

The type 1 pilus is a right-handed helix with about three subunits per turn, a diameter of -70 A, a central pore 
of about 20 to 25 A, and a pitch of about 24 A (19). To obtain this structure, insertion of the NH2-termmal 
extension must be antiparallel to strand F, in contrast to the parallel insertion observed for the Gl strand of the 
chaperone Insertion in a parallel orientation would lead to rosettelike structures. Usmg the FimH pilm 
domain as a model for FimA, we constructed a model for the type 1 pilus that fit these data (Fig^). Each 
subunit was aligned to have its cleft facing toward the center of the pilus so that the height from the top to the 
bottom of the domain along the helix axis was -25 A. By applying a rotation of 1 15° and a rise per subun.t of 
8 A a hollow heUcal cylinder is created. The outer diameter of this cylinder as measured across Ca atoms is 
70 A and the inner diameter is 25 A. FimA subunits from different strains of E. coli exhibit considerable 
allelic variation (13). The vast majority of the variable positions are on the outside surface of the pilus model 

proposed above (Fig^), whi ch would account for the antigenic variability of type 1 pih. 

Fig. 4. Model of the type 1 pilus. The NH2-terminal extension participates in 
donor strand complementation between subunits as described in the text. 
Subunits one turn apart in the helix pack against each other through the sides of 
the pilin barrel. Charged residues located between the hydrophobic side chains 
in the NH2-tenninal extension point into the solution on the inside of the hollow 
pilus rod (A) The proposed interaction between two consecutive FimA 
molecules in the type 1 pilus rod. The modeled NHj-terminal extension is 
colored red. (B) View of the pilus firom the top. Residue positions that are 
subject to allelic variation (shown in blue) map to the outer surface of the pilus 
(C) Side view of the pilus. [View T.arger Version of this Image (85K GIF tile) | 




The proposed head-to-tail interaction between subunits in a pilus is reminiscent of oligomenzation through 
3D domain swapping (20), in the sense that a part of one protein molecule is used to complement another 
However in this case, complementation occurs not only between identical protein chams (FimA m the pilus 
rod) but 'also between homologous but distinct chains (for example, FimG, FimF, and FimH in the p.lus tip). 
Furthermore, because individual pilin protomers do not exist as stable monomers, there is no exchange of 
structural units between a monomeric and an oligomeric state. Instead, a different protein, the penplasmic 
chaperone, is needed to keep the monomeric subunits in solution by donating a unique part of its stiiicture 
(the Gl sh-and) to the different subunit grooves. 

On the basis of the structure of the FimC-FimH complex, we propose that the class of proteins known as 
pilins are missing necessary steric information needed to fold into a native three-dimensional stiiicture. The 
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information that is missing consists of the seventh-edge strand of an immunoglobulin fold. This strand, which 
i. necessary for folding, is donated to the hydrophobic core of the pilin by the periplasmic chaperone m a 
donor strand complementation mechanism. A recent formulation of Anfmsen's classic postulate stated that 
"The steric information necessary for newly synthesized protein chains to fold correctly within cells resides 
solely in the primary structure of the initial translation product" (2i). Here we provide an example of a case 
where some of that information is not inherent in the sequence of the protein to be folded but is instead 
transferred from another protein--the periplasmic chaperone. 
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